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Maximizing Ion-tagged Oligonucleotide Loading on Magnetic Ionic
Liquid Supports for the Sequence-Specific Extraction of Nucleic Acids
Abstract
Targeted nucleic acid analysis requires the highly selective extraction of desired DNA fragments in order to
minimize interferences from samples with abundant heterogeneous sequences. We previously reported a
method based on functionalized oligonucleotide probes known as ion-tagged oligonucleotides (ITOs) that
hybridize with complementary DNA targets for subsequent capture using a hydrophobic magnetic ionic
liquid (MIL) support. Although the ITO-MIL approach enriched specific DNA sequences in quantities
comparable to a commercial magnetic bead-based method, the modest affinity of the ITO for the
hydrophobic MIL limited the yield of DNA targets, particularly when stringent wash conditions were applied
to remove untargeted DNA. Here, we report the synthesis and characterization of a series of ITOs in which
functional groups were installed within the cation and anion components of the tag moiety in order to
facilitate loading of the ITO to the MIL support phase. In addition to hydrophobic interactions, we
demonstrate that π-π stacking and fluorophilic interactions can be exploited for loading oligonucleotide
probes onto MILs. Using a disubstituted ion-tagged oligonucleotide (DTO) possessing two linear C8 groups,
nearly quantitative loading of the probe onto the MIL support was achieved. The enhanced stability of the
DTO within the MIL solvent permitted successive wash steps without the loss of the DNA target compared to
a monosubstituted ITO with a single C8 group that was susceptible to increased loss of analyte. Furthermore
the successful capture of a 120 bp KRAS fragment from human plasma samples followed by real-time
quantitative polymerase chain reaction (qPCR) amplification is demonstrated.
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41 Introduction42 Despite the importance of DNA as a biological repository for genetic information, the 43 vast majority of nucleic acid sequences are not targeted in molecular diagnostics applications. 44 For example, mutant populations of cell-free DNA that indicate malignancy can be as low as 45 0.01% abundance of the wild-type sequence in human plasma.1 Major advances in nucleic acid 46 sequencing and detection technologies have provided a rapid means to routinely characterize 47 thousands of samples per day, but the detection of specific DNA sequences such as single-48 nucleotide polymorphisms remains a significant challenge due to high levels of untargeted 49 nucleic acids that increase the background signal in bioanalytical assays.2,3 In order to overcome 50 this bottleneck in nucleic acid analysis, sample preparation methods that capture and enrich 51 specific DNA sequences must be developed.52 The most popular approaches for the enrichment of specific nucleic acid sequences are 53 based on magnetic beads or particles coated with streptavidin. Biotinylated oligonucleotide 54 probes that exhibit a high affinity toward streptavidin can be designed to capture DNA targets 55 via base-pairing interactions. After a washing step to remove interfering DNA molecules, the 56 extracted nucleic acid targets can be released for downstream analysis. Successive washes may 57 improve the purity of the nucleic acid recovered from the magnetic beads, but often result in 58 lower analyte yields.4, 5 Moreover, the tendency of interferences from the sample matrix to 59 nonspecifically adsorb to the magnetic support material often requires an additional step 60 involving the use of bovine serum albumin (BSA) in the workflow to pacify or block the surface. 61 Contemporary magnet-based DNA capture methods are also limited by aggregation of the solid 62 bead/particle support material, resulting in lower capture efficiencies and the clogging of liquid 63 handling devices.6-9 Such particle aggregates are particularly unwanted if downstream 
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64 bioanalysis is to be performed within a microfluidic device possessing narrow channels that can 65 be easily obstructed. 66 An ideal magnetic support material for DNA extraction would possess the following 67 features: 1) mitigate or eliminate aggregation behavior, 2) exhibit low nonspecific extraction of 68 untargeted DNA and interferences (like proteins), and 3) possess high affinity toward decorated 69 oligonucleotide probe molecules. In contrast to conventional magnetic supports, magnetic ionic 70 liquids (MILs) are paramagnetic molten salts comprised of organic/inorganic cations and anions 71 with melting points at or below 100 °C.10, 11 Physico-chemical properties of MILs including 72 viscosity, hydrophobicity, magnetic susceptibility, and solvation behavior can be readily tuned 73 by judicious selection/functionalization of the cation and anion structures.12-14 The liquid nature 74 of MILs represents a key advantage over solid magnetic substrates that suffer from particle 75 agglomeration, making these solvents ideal for biomolecule sample preparation applications that 76 interface with downstream bioassays. MILs based on Fe(III),15 Co(II),16 and Ni(II) anion 77 complexes were recently shown to provide high enrichment factors for a variety of DNA 78 fragments and, in some cases, were directly coupled to polymerase chain reaction (PCR) and 79 real-time quantitative PCR (qPCR) for rapid detection and quantification of extracted nucleic 80 acids in the MIL phase.17, 18 The particle- and aggregation-free extraction of specific DNA 81 sequences has also been demonstrated using a Mn(II)-based hydrophobic MIL as a paramagnetic 82 liquid support material.19 By appending amphiphilic alkylimidazolium groups to synthetic 83 oligonucleotides, the probe molecules partitioned to the MIL support via simple hydrophobic 84 interaction and facilitated the capture of complementary DNA sequences via Watson-Crick base 85 pairing. Moreover, the affinity of the ion-tagged oligonucleotide (ITO) probes for the 86 hydrophobic MIL support was highly dependent on the chemical structure of the bioconjugate 
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87 where longer alkyl groups (e.g., octyl) in the ITO resulted in enhanced partitioning to the MIL 88 phase. 89 Although the previously described MIL-ITO approach provided similar sequence-specific 90 DNA extraction yields to a commercial magnetic bead-based method,19 the modest affinities (ca. 91 50% loading efficiency) of the ITO probe for the MIL support limited the technique in three 92 important ways: 1) since fewer probe molecules partitioned to the MIL support, a lower capacity 93 for target DNA was observed, 2) ITO probes with lower affinity for the MIL are more readily 94 desorbed upon successive washing of the MIL phase to improve sample purity/selectivity for 95 DNA targets, and 3) interferences in complex samples (e.g., cell lysate) resulted in decreased 96 extraction yields by competing with the ITO probe for sorption to the MIL. Here, we report a 97 series of ITOs with unique ion tag structures, elucidating the structural components of the tag 98 moiety that result in improved affinities of the synthetic probe for the MIL support. In addition to 99 modifying the ITO cation structure, fluorophilic anions (e.g., bis[(trifluoromethyl)sulfonyl]imide 100 [NTf2-]) and amphiphilic anions were paired with imidazolium cations for enhanced partitioning 101 to the MIL support. We investigated a cyclic disulfide-modified oligonucleotide starting material 102 for the preparation of disubstituted ion-tagged oligonucleotides (DTOs) that provided loading 103 efficiencies greater than 95% onto the MIL support, furnishing an extraction phase capable of 104 recovering a 10-fold greater quantity of target nucleic acid compared to monosubstituted ITOs. 105 The stability of the ITO- and DTO-MIL interactions was studied under stringent hybridization 106 conditions, ultimately revealing that DTOs provided superior recoveries of target DNA 107 sequences from samples containing interfering nucleotide sequences. As demonstrated herein, 108 the structural tunability of both the cation and anion components of the ion tag greatly expands 
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109 the modes of intermolecular interactions between ITO probes and MIL supports, facilitating 110 high-efficiency DNA extraction and guiding the design of future ITOs. 111 Experimental112 Reagents and Materials. Acetonitrile (99.9%), LC-MS grade acetonitrile (≥ 99.9%), 113 hexane, mixture of isomers (≥ 98.5%), ethylenediaminetetraacetic acid (EDTA, 99.4% ~ 114 100.06%), triethylamine (TEA, ≥ 99.5%), magnesium chloride (99.0% ~ 102.0%), 1-115 bromooctane, ammonium persulfate (APS, ≥ 98%)), sodium octylsulfate (≥ 95%), and plasma 116 from human were purchased from Sigma Aldrich (St. Louis, MO, USA).  Ethyl ether (≥ 99%) 117 was purchased from Avantor (Center Valley, PA, USA). Allylimidazole (99%) was purchased 118 from Alfa Aesar (Ward Hill, MA, USA). 1,1,1,5,5,5-Hexafluoroacetylacetone (99%) and 4,4,4-119 trifluoro-1-phenyl-1,3-butanedione (99%) were purchased from ACROS organics (Morris, NJ, 120 USA). Tris(hydroxymethyl)aminomethane (ultra pure), tris(hydroxymethyl)aminomethane 121 hydrochloride (≥ 99.0%), urea (≥ 99%) and boric acid (≥ 99.5%) were purchased from RPI 122 (Mount Prospect, IL, USA). Tris(2-carboxyethyl)phosphine (TCEP) was purchased from Soltec 123 Ventures (Beverly, MA, USA). Sodium hydroxide, sodium chloride, M-270 Streptavidin coated 124 Dynabeads, SYBR Green I nucleic acid gel stain, dimethylsulfoxide (DMSO), acetic acid, and 125 ammonium hydroxide were purchased from Fisher Scientific (Fair Lawn, NJ, USA). 126 Tetramethylethylenediamine (TEMED), 40% acrylamide and bis-acrylamide solution 29:1, and 127 SsoAdvanced Universal SYBR Green Supermix and a KRAS, human PrimePCR™ SYBR green 128 assay including template and primers (120 bp amplicon) were purchased from Bio-Rad 129 Laboratories (Hercules, CA, USA). Dithiolated, biotinylated, and unmodified oligonucleotides 130 and primers were purchased from Integrated DNA Technologies (Coralville, IA, USA). The 
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131 oligonucleotide probe sequence used for extraction of the KRAS target was 5’- TTG AAC TAG 132 CAA TGC CTG TG -3’.133 Synthesis of MILs. The trihexyl(tetradecyl)phosphonium manganese(II) 134 hexafluoroacetylacetonate ([P66614+][Mn(hfacac)3−]) MIL and the 135 trihexyl(tetradecyl)phosphonium manganese(II) 4,4,4-trifluoro-1-phenyl-1,3-butanedionate 136 ([P66614+][Mn(PhCF3acac)3−]) MILs were synthesized using a similar approach to previously 137 reported procedures20-22 and their chemical structures are shown in Figure S1a,b. Synthesis 138 procedures for the MILs used in this study are described in the Supporting Information. The 139 products were characterized using ESI-TOFMS in both positive and negative ion modes (Figures 140 S3-S6, Supporting Information).141 Synthesis and characterization of ITOs and DTOs. Allylimidazolium salts were 142 synthesized as previously reported.19,23,24 The ITO and DTO structures investigated herein are 143 shown in Table 1 and were synthesized according to published procedures.19 Briefly, 4 nmol of a 144 20-mer thiolated oligonucleotide (for ITO synthesis) or 2 nmol of a 20-mer oligo with a terminal 145 cyclic disulfide (for DTO synthesis) were reduced using 40 nmol of tris(2-146 carboxyethyl)phosphine (TCEP). The thiolated oligo was then transferred to a UV transparent 147 96-well microplate along with 400 nmol of an allyl-functionalized imidazolium salt for a final 148 solution composition of 30% (v/v) ACN. The reaction well was sealed with optically transparent 149 tape, purged with N2, and placed beneath a handheld UV lamp set to 365 nm output for 1-2 h. 150 The ITOs or DTOs were separated from unreacted starting material using denaturing 151 polyacrylamide gel electrophoresis (PAGE). Product bands were excised, crushed, and eluted 152 with MilliQ water overnight. The ITOs or DTOs were characterized by reversed-phase ion-pair 153 LC-TOFMS (see Figures S7, S8, S12 and Supporting Information for details).
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154 Sequence-specific DNA capture using MILs and ITO or DTO probes. For DNA 155 extraction, ITOs or DTOs were added to a 25 mM NaCl solution containing 0.169 fmol of 261 156 bp DNA target at various probe:target ratios. For experiments testing probe selectivity, 0.169 157 fmol of a DNA sequence (complement, 1 nt, or 2 nt mismatch to the ITOs probe) were also 158 added to solution. The probes and DNA targets were annealed by heating at 90 °C for 5 min 159 followed by cooling of the solution to 37 °C for 5 min. A 1 μL aliquot of MIL support was then 160 added to the solution and incubated at 37 °C for 10 min to extract the ITO- or DTO-target 161 duplex. The sample solution was decanted and the MIL phase washed using 50 µL of deionized 162 water. Extracted DNA targets were desorbed from the MIL phase in 50 μL of deionized water at 163 90 °C for 10 min. A 1 µL aliquot of desorption solution was analyzed by qPCR amplification. 164 Loading efficiency of ITO or DTO probes onto the MIL support. The ITO and DTO 165 stability within the MIL phase was tested using HPLC for direct detection of the probe 166 molecules. For these experiments, a liquid phase microextraction technique was used in which a 167 1 µL aliquot of hydrophobic MIL support was immersed in a 50 µL solution containing 60 pmol 168 (400 ng) of ITO or DTO for 10 min at room temperature. A 20 µL aliquot of the aqueous layer 169 was then removed for injection onto an Agilent 1260 HPLC with a variable wavelength detector 170 (Santa Clara, CA, USA) and separated on a 35 mm×4.6 mm i.d.×2.5 μm TSKgel DEAE-NPR 171 anion exchange column with a 5 mm×4.6 mm i.d.× 5 μm TSKgel DEAE-NPR guard column 172 (Tosoh Bioscience, King of Prussia, PA). Mobile phase A consisted of 20 mM Tris-HCl (pH 8) 173 and mobile phase B was 1 M NaCl and 20 mM Tris-HCl (pH 8). DNA was detected at 260 nm 174 and the amount of DNA recovered from the MIL phase was determined using an external 175 calibration curve.
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176 qPCR amplification. Each qPCR reaction mix was 19 μL which contains 4.6 μL of 177 deionized water, 2.6 μL of 50 mM MgCl2, 1 μL of DMSO, 0.8 μL of 10 μM forward and reverse 178 primers, and 10 μL of SsoAdvanced Universal SYBR Green Supermix (2x). The forward and 179 reverse primers for qPCR amplification of the 261 bp target sequence were 5’- CAC GCT TAC 180 ATT CAC GCC CT -3’ and 5’- CGA GCG TCC CAA AAC CTT CT -3’. For all reactions, 1 μL 181 of the template DNA was added to the 19 μL of the qPCR reaction mix. For amplification of the 182 120 bp KRAS target, the reaction mix included 4.4 µL of water, 10 µL of SsoAdvanced 183 Supermix, 1 µL of primer mix, 2.6 μL of 50 mM MgCl2, 1 μL of DMSO and 1 µL of template 184 DNA. The primers from the KRAS, human PrimePCR assay kit were used without further 185 purification. Amplification was performed using a Bio-Rad CFX96 Touch Real-Time PCR 186 Detection System or Bio-Rad CFX Connect Real-Time PCR Detection System. The thermal 187 program used for all qPCR assays included an initial denaturation step of 95.0 °C for 5 min 188 followed by 40 cycles consisting of 95.0 °C for 10 s and 64.0 °C for 30 s. A five-point external 189 calibration curve was used to determine the amplification efficiency and quantify extracted 190 nucleic acid.191192 Results and Discussion193 Design of ITOs for enhanced loading efficiency onto MIL supports. The extraction of 194 specific DNA sequences is highly dependent on facilitating strong interactions between the 195 oligonucleotide probe and the support phase. Contemporary methods rely on non-covalent 196 interactions between biotin labels and streptavidin-coated magnetic bead/particles, but these 197 materials often suffer from agglomeration processes that diminish extraction performance. As 198 described in our previous work, we employed a magnetic liquid support and ITO probes to 
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199 circumvent the drawbacks of solid particle supports while maintaining a high yield of target 200 DNA sequences.19 Since the studied ITOs possessed alkyl chain lengths ranging from methyl to 201 octyl, the probes exhibited limited affinity for the hydrophobic MIL support (ca. 50% ITO 202 loading efficiency). In order to improve the partitioning of ITOs to the MIL support, we 203 synthesized a series of ITOs possessing one or more of the following properties: longer alkyl 204 groups in the cation, amphiphilic anions, fluorophilic anions, and multiple ion tag moieties. 205 Initially, we focused on the synthesis of alkylimidazolium tags with longer carbon chains (C10 206 and C16). However, reaction mixtures containing the amphiphilic 1-allyl-3-207 hexadecylimidazolium bromide ([AHIM+][Br−]) salt resulted in the precipitation of the thiolated 208 nucleic acid starting material due to the alkylimidazolium group exhibiting surfactant properties 209 and forming aggregates with DNA.25 This phenomenon was not observed when using 1-allyl-3-210 decylimidazolium bromide ([ADIM+][Br−]) or any other alkylimidazolium salts with shorter 211 chain lengths. 212 In order to determine the influence of the longer alkyl chain on partitioning to the MIL 213 phase, the ITO product generated from reaction with the [ADIM+][Br-] salt was subjected to 214 liquid phase microextraction using the [P66614+][Mn(hfacac)3-] MIL support as the extraction 215 solvent. As shown in Table 1, a loading efficiency of 75±5% was observed for the [ADIM+][Br−] 216 ITO, compared to a 48±4% loading efficiency of the 1-allyl-3-octylimidazolium bromide 217 ([AOIM+][Br−]) ITO, with an unmodified oligonucleotide probe providing 10±3% under the 218 same conditions.19 This result is likely due to the increased hydrophobic interactions between the 219 C10 alkyl chain and the hydrophobic MIL support.220 Given that dispersive interactions primarily govern the partitioning of the ITO to the MIL 221 phase and yet the longer chain alkylimidazolium salts tended to precipitate the oligo starting 
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222 material, ITOs were synthesized to include hydrophobic groups in the anion as well. Allyl-223 bearing imidazolium salts were prepared with octylsulfate anions via metathesis reaction 224 between the bromide form of the imidazolium salt and sodium octylsulfate.26 As shown in Table 225 1, a loading efficiency of 45±2% was observed for the 1-allyl-3-butylimidazolium octylsulfate 226 ([ABIM+][OS−]) ITO. The loading efficiency was a substantial increase from the [Br−] analog, 227 which exhibited a loading efficiency of 12±3%. In addition to amphiphilic anions, fluorine-rich 228 anions were also imparted to the tag moiety of the ITO in an effort to capitalize on fluorophilic 229 interactions with the fluorinated ligands of the MIL support (i.e., hfacac). Allylimidazolium salts 230 with either [NTf2−] or [PFBS−] anions were prepared by metathesis reactions and subsequently 231 studied for their ability to partition to the hydrophobic MIL. When paired with the [ABIM+] 232 cation in the ITO structure, both [NTf2−] and [PFBS−] anions contributed to higher ITO loading 233 efficiency (40±4% and 35±5%, respectively) compared to the [Br−] form of the ITO (ca. 12%). 234 Since the [OS−] anion appeared to have the greatest influence on loading efficiency, an ITO with 235 the [AOIM+] cation and [OS−] anion components was synthesized. A significantly higher affinity 236 for the MIL phase was observed for the [AOIM+][OS−] ITO, resulting in a loading efficiency of 237 74±4%. These results strongly suggest that the anion component of the ITO plays an important 238 role in facilitating binding of the ITO probe to the MIL support and could be used for further 239 optimization of probe-support affinity. 240 Because the non-covalent labeling of the ITO probe with an additional alkyl moiety (i.e., 241 [OS−] anions) provided enhanced loading efficiency, the covalent attachment of another alkyl 242 group of the same length would also be expected to improve affinity toward the MIL. A 243 dithiolated oligonucleotide starting material was employed as a means to introduce two ion-tags 244 with C8 alkyl groups into the same probe structure via covalent linkage. The structure of the 
Page 10 of 25
ACS Paragon Plus Environment
Analytical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
245 resulting [AOIM+]2[Br−] DTO is shown in Table 1. The loading efficiency was investigated 246 under the same conditions used for the ITO probes and revealed nearly quantitative capture 247 (95±4%) of the [AOIM+]2[Br−] DTO by the hydrophobic [P66614+][Mn(hfacac)3−] MIL.248 Apart from hydrophobic interactions that facilitate loading onto the MIL support, ion tags 249 with benzylimidazolium groups ([ABzIM+][Br-]-ITO) were coupled with the 250 [P66614+][(PhCF3acac)3-] MIL support which possesses phenyl groups within the anion 251 component in order to investigate the effect of π-π stacking on loading efficiency. The structures 252 of the [P66614+][(PhCF3acac)3-] MIL and the [ABzIM+][Br-]-ITO are shown the Figures S1b and 253 S2, respectively. The loading efficiency and selectivity were tested using either a benzyl or C8-254 tagged oligo coupled with either the [P66614+][(PhCF3acac)3-] MIL or the [P66614+][(hfacac)3-] MIL 255 to account for non-specific interactions (i.e., hydrophobic interactions) that may also contribute 256 to loading efficiency of the aromatic tag and/or MIL support. As shown in Table S1, no 257 differences in extraction efficiency was observed for the benzyl-tagged oligo and an unlabeled 258 oligo using the [P66614+][(PhCF3acac)3-] MIL support. However, duplexes generated from the 259 [ABzIM+][Br-]-ITO and its complementary sequences were extracted with substantially higher 260 efficiency (40±3%) than un-tagged duplexes (1±1%), indicating the feasibility of utilizing π-261 stacking interactions for sequence specific DNA capture.262 Binding affinity and durability of ITO-MIL interactions. In order to determine 263 whether high loading efficiency was correlated to better retention of probe molecules within the 264 MIL support solvent, the desorption of either ITOs or DTO from the MIL after successive wash 265 steps commonly employed to remove untargeted DNA in sequence-specific extraction 266 procedures was tested. Similar to the procedures shown in Figure 1a and b, the [AOIM+][Br−] 267 ITO or [AOIM+]2[Br−] DTO was loaded onto the MIL support and subsequently immersed in a 
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268 solution containing complementary 20 mer DNA. The probes and targets were annealed and then 269 washed with 25 mM NaCl at 40 °C for 10 min and the aqueous phase removed for anion-270 exchange HPLC analysis. Figure 2a shows chromatograms obtained for the ITO (red trace) or 271 DTO (blue trace) experiments. As indicated by the area of the later eluting peak, 2.7±0.6 fold 272 more probe-target duplex was desorbed from the MIL support when the [AOIM+][Br−] ITO was 273 used to capture the DNA target. These findings are in good agreement with the results obtained 274 for the loading efficiency data (Table 1) and show a positive correlation between loading 275 efficiency and stability of the ITO-MIL interactions. 276 Many relevant nucleic acid targets are much longer sequences than the initially studied 277 20 mer and may potentially impact the partitioning behavior of the probe-target duplex from the 278 MIL support. The affinity between the ITOs and DTOs for the MIL was also tested following the 279 capture of a model 261 bp DNA sequence. For these experiments, a procedure similar to Figure 280 1a and b was employed, using qPCR amplification to detect very small quantities of nucleic acid 281 desorbed from the MIL. After extraction of a solution containing 0.169 pmol of target using 282 either ITO, DTO, or an unmodified oligonucleotide as hybridization probes, the MIL phase was 283 subjected to successive washes with 25 mM NaCl at 37 °C in order to maintain base pairing 284 within the probe-target duplex. Wash fractions were collected for qPCR analysis until no 285 detectable target DNA remained, or the amount of desorbed target DNA from wash to wash 286 remained constant. As shown in Figure 2b, the amount of DNA target desorbed from the MIL 287 decreased after the first three wash steps when using either the ITO or DTO. The initial rapid 288 decrease in DNA target desorption was also observed when using unmodified oligonucleotide 289 probes, indicating that the phenomenon is due to the release of DNA non-specifically extracted 290 by the MIL support. It is important to note that a greater amount of untagged probe-target duplex 
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291 was initially released from the MIL phase than for ITO- or DTO-target duplexes, likely due to 292 weaker interactions between the untagged probe and MIL support. Moreover, no DNA was 293 detected for any subsequent washes for the sample extracted using the unmodified 294 oligonucleotide probe. After 9 wash steps, the amount of DNA target released by the 295 [AOIM+][Br−] ITO was lower than the limit of quantification. However, the [AOIM+]2[Br−] DTO 296 continued to release a small amount of DNA target into the subsequent wash solutions and 297 retained a detectable amount of DNA target for up to 12 successive washes. These results 298 indicate that the DTO is retained within the MIL phase longer and may be subjected to more 299 rigorous washing or hybridization conditions than the monosubstituted ITO.300 Distinguishing double and single-nucleotide variants using ITOs with MIL-based 301 capture and comparison to commercial magnetic bead-based method. Single-nucleotide 302 polymorphisms are the most common type of alteration to genomic DNA and are widely 303 recognized to provide meaningful diagnostic information for numerous diseases. These 304 modifications are invariably co-localized with high levels of background nucleic acids that differ 305 by a single base pair. The selectivity of the ITO and DTO probes for complementary sequences 306 and mismatched sequences was initially tested using melt curve analysis. As shown in Table 1 307 and Figure S9 and S10, the Tm value of the [AOIM+]2[Br−] DTO probe and complement was 308 comparable to the monosubstituted [AOIM+][Br−] ITO, indicating little influence of the second 309 alkyl chain on hybridization behavior. Similarly, both ITO and DTO showed only minor melt 310 curve features for the 1 and 2 nt mismatches, compared to the more prominent and higher 311 melting temperature peaks observed for the unmodified oligonucleotide probe (Figure S11). For 312 [AOIM+][OS−], a slightly higher melting temperature with the complementary sequence was 313 observed compared to the unmodified oligo probe, while ITOs with [NTf2−] and [PFBS−] anions 
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314 resulted in much lower melting temperatures (Table 1). Although ITOs with [NTf2−] and 315 [PFBS−] anions showed minimal peaks for 1 and 2 nt mismatches, the melt curves were very 316 broad (ca. 20 °C), indicating non-canonical base pairing or non-specific interactions.27 For this 317 reason, we focused on the DTO and [AOIM+][Br−] ITOs for extraction applications.318 Cell-free nucleic acid biomarkers in plasma cover a wide range of concentrations from no 319 detectable amount to 1000 ng µL−1 with the average concentration near 200 ng µL−1.28,29 Due to 320 the presence of highly similar interfering DNA, low abundance target DNA sequences are 321 particularly challenging to detect. As shown in Table S2, the MIL-based extraction conditions 322 were optimized for low target concentrations, resulting in a 5:1 ratio of probe:target sequence 323 (0.845 fmol of DTO) and 1 µL of MIL. Next, the extraction selectivities of the [AOIM+]2[Br−] 324 DTO and [AOIM+][Br−] ITO were studied by spiking a 3.4 pM (0.027 ng µL−1) solution of 261 325 bp target DNA with interfering sequences (20 mers) with either 0, 1, or 2 nt mismatches to the 20 326 mer probes. The samples were then subjected to extraction using the procedures shown in 327 Figures 1a and b. Extractions were also performed using a commercial method based on 328 magnetic beads according to the manufacturers instructions. As shown in Table 2, the ITO and 329 DTO methods exhibited superior extraction performance compared to the magnetic bead-based 330 approach when single nucleotide variants were added to solution. These findings are likely due 331 to higher non-specific DNA extraction observed for magnetic beads when compared to the 332 [P66614+][Mn(hfacac)3−] MIL support.19333 Sequence-specific DNA capture from bacterial cell lysate and human plasma using 334 DTO probes and MIL support. In order to investigate the influence of a complex sample 335 matrix on the performance the DTO-based DNA capture method, approximately 1×106 E. coli 336 cells were lysed by ultrasonication and the crude lysate spiked with target DNA. Two approaches 
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337 were studied for sequence-specific DNA extraction: 1) a hybridize-first method where the probe 338 and target are hybridized prior to capture by the MIL support and 2) a load-first method where 339 the DTO probe is first loaded onto the MIL support and subsequently used for extraction of 340 target DNA. For both methods, the optimal ratio of DTO:target (5:1) was used. Figure 3 shows 341 that when the hybridize-first method was employed for the extraction of 0.3 ng of target DNA 342 from the crude cell lysate, a Cq value of approximately 33 was obtained using the DTO probe. 343 However, a much lower Cq value (23.5±0.2) was observed for the load-first method, indicating 344 an approximate 1000-fold increase in the amount of DNA recovered compared to the hybridize-345 first method. The observation that greater quantities of DNA target were recovered using the 346 load-first method may be due to non-specific interactions between the alkyl chains of the DTO 347 and lipophilic components of the cell lysate that compete with the hydrophobic MIL. Figure 3 348 also shows a similar trend for the monosubstituted [AOIM+][Br−]-ITO, albeit less pronounced 349 due to the ITO possessing one fewer C8 alkyl group.350 The detection of cell-free nucleic acids in human plasma has diagnostic and prognostic 351 potential for a variety of cancers.28 Although it is an appealing alternative to conventional tissue 352 biopsies, plasma samples contain proteins and globulins that inhibit the direct PCR amplification 353 of DNA targets.30 The extraction performance of the DTO-MIL method was investigated in 354 human plasma samples spiked with 6 fmol of a 120 bp fragment from a known oncogene, 355 KRAS, as the DNA target. The MIL and DTO-based method was also compared to an approach 356 using commercially available streptavidin-coated magnetic beads and biotinylated 357 oligonucleotides (20-mer) complementary to the KRAS fragment. Prior to extraction, samples 358 were diluted tenfold in order to minimize the non-specific extraction due to matrix interferences. 359 As shown in Figure 4, the diluted plasma sample resulted in diminished extraction efficiency for 
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360 the DTO-MIL method compared an aqueous DNA solution, likely due to competing interactions 361 between matrix components and the MIL. A similar trend was observed for the magnetic bead-362 based approach, which exhibited little to no difference in Cq values (24.82±0.45) when 363 compared to the DTO-MIL method (23.97±0.60) for the extraction of KRAS fragment from 364 plasma.365366 Conclusions367 The analysis of specific DNA sequences invariably requires a selective sample 368 preparation procedure that eliminates or dramatically reduces the quantity of untargeted 369 biomolecules from the sample. The recognition of target DNA using ITOs coupled with MIL-370 based capture represents a powerful approach for the enrichment of specific DNA sequences. In 371 order to capitalize on the selectivity and high DNA target yields afforded by the ITO-MIL 372 method, we investigated a series of ITO probes with various hydrophobic and fluorophilic 373 functional groups in the cation and anion moieties of the ion tag. The best performing probe 374 possessed two alkyl groups (C8) that facilitated dense loading of the DTO onto the MIL support. 375 When applied for the capture of specific DNA sequences from aqueous solution, the high affinity 376 of the DTO for the MIL support allowed for more stringent wash conditions than a 377 monosubstituted ITO ([AOIM+][Br-]-ITO). Furthermore, the DTO-MIL system was capable of 378 extracting target DNA from solutions containing single nucleotide variants with higher DNA 379 yields than a commercial magnetic bead-based approach. The DTO-based method also 380 selectively extracted DNA from crude bacterial cell lysate, demonstrating the tolerance of the 381 sample preparation method toward interferences in complex samples.382
Page 16 of 25
ACS Paragon Plus Environment
Analytical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
383 Acknowledgments384 The authors acknowledge Miranda N. Emaus for her assistance in experiments involving 385 the extraction of KRAS fragment from plasma. J.L.A. acknowledges funding from the Chemical 386 Measurement and Imaging Program at the National Science Foundation (CHE-1709372).387388 References389 1. F. Diehl, M. Li, D. Dressman, Y. He, D. Shen, S. Szabo, L. A. Diaz, S. N. Goodman, K. A. 390 David, H. Juhl, K. W. Kinzler and B. Vogelstein, Proc. Natl. Acad. Sci., 2005, 102, 391 16368-16373.392 2. T. J. Albert, M. N. Molla, D. M. Muzny, L. Nazareth, D. Wheeler, X. Song, T. A. 393 Richmond, C. M. Middle, M. J. Rodesch and C. J. Packard, Nat. Methods, 2007, 4, 903.394 3. G. J. Porreca, K. Zhang, J. B. Li, B. Xie, D. Austin, S. L. Vassallo, E. M. LeProust, B. J. 395 Peck, C. J. Emig, F. Dahl, Y. Gao, G. M. Church and J. Shendure, Nat. Methods, 2007, 4, 396 931-936.397 4. H. Yang, L. Qu, A. N. Wimbrow, X. Jiang and Y. Sun, Int. J. Food Microbiol., 2007, 118, 398 132-138.399 5. R. Sista, Z. Hua, P. Thwar, A. Sudarsan, V. Srinivasan, A. Eckhardt, M. Pollack and V. 400 Pamula, Lab Chip, 2008, 8, 2091-2104.401 6. J. A. Davis, D. W. Inglis, K. J. Morton, D. A. Lawrence, L. R. Huang, S. Y. Chou, J. C. 402 Sturm and R. H. Austin, Proc. Natl. Acad. Sci., 2006, 103, 14779-14784.403 7. Z. H. Fan, S. Mangru, R. Granzow, P. Heaney, W. Ho, Q. Dong and R. Kumar, Anal. 404 Chem., 1999, 71, 4851-4859.405 8. D. Liu, G. Liang, Q. Zhang and B. Chen, Anal. Chem., 2013, 85, 4698-4704.406 9. T. Lund-Olesen, M. Dufva and M. F. Hansen, J. Magn. Magn. Mater., 2007, 311, 396-407 400.408 10. K. D. Clark, O. Nacham, J. A. Purslow, S. A. Pierson and J. L. Anderson, Anal. Chim. 409 Acta, 2016, 934, 9-21.410 11. E. Santos, J. Albo and A. Irabien, RSC Adv., 2014, 4, 40008-40018.411 12. P. Brown, C. P. Butts, J. Eastoe, E. Padron Hernandez, F. L. d. A. Machado and R. J. de 412 Oliveira, Chem. Commun., 2013, 49, 2765-2767.413 13. O. Nacham, K. D. Clark, H. Yu and J. L. Anderson, Chem. Mater., 2015, 27, 923-931.414 14. H. Nan, L. Peterson and J. L. Anderson, Anal. Bioanal. Chem., 2018, 410, 4597-4606.415 15. K. D. Clark, O. Nacham, H. Yu, T. Li, M. M. Yamsek, D. R. Ronning and J. L. Anderson, 416 Anal. Chem., 2015, 87, 1552-1559.417 16. X. Peng, K. D. Clark, X. Ding, C. Zhu, M. Varona, M. N. Emaus, J. An and J. L. Anderson, 418 Chem. Commun., 2018, 54, 10284-10287.419 17. K. D. Clark, M. M. Yamsek, O. Nacham and J. L. Anderson, Chem. Commun., 2015, 51, 420 16771-16773.421 18. M. N. Emaus, K. D. Clark, P. Hinners and J. L. Anderson, Anal. Bioanal. Chem., 2018, 1-422 10.
Page 17 of 25
ACS Paragon Plus Environment
Analytical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
423 19. K. D. Clark, M. Varona and J. L. Anderson, Angew. Chem. Int. Ed., 2017, 56, 7630-424 7633.425 20. H. Mehdi, K. Binnemans, K. Van Hecke, L. Van Meervelt and P. Nockemann, Chem. 426 Commun., 2010, 46, 234-236.427 21. P. Zhang, Y. Gong, Y. Lv, Y. Guo, Y. Wang, C. Wang and H. Li, Chem. Commun., 2012, 428 48, 2334-2336.429 22. S. A. Pierson, O. Nacham, K. D. Clark, H. Nan, Y. Mudryk and J. L. Anderson, New J. 430 Chem., 2017, 41, 5498-5505.431 23. F. Zhao, Y. Meng and J. L. Anderson, J. Chromatogr. A, 2008, 1208, 1-9.432 24. P. Wasserscheid, R. van Hal and A. Bösmann, Green Chem., 2002, 4, 400-404.433 25. R. Dias, S. Mel'nikov, B. Lindman and M. G. Miguel, Langmuir, 2000, 16, 9577-9583.434 26. S. Morrissey, B. Pegot, D. Coleman, M. T. Garcia, D. Ferguson, B. Quilty and N. 435 Gathergood, Green Chem., 2009, 11, 475-483.436 27. Y. Maeda, K. Nunomura and E. Ohtsubo, J. Mol. Biol., 1990, 215, 321-329.437 28. H. Schwarzenbach, D. S. B. Hoon and K. Pantel, Nat. Rev. Cancer, 2011, 11, 426-437.438 29. S. O. Kelley, ACS Sensors, 2017, 2, 193-197.439 30. W. A. Al-Soud, L. J. Jönsson and P. Rådström, J. Clin. Microbiol., 2000, 38, 345-350.440441442443
Page 18 of 25
ACS Paragon Plus Environment
Analytical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
445 Table 1. Effect of ITO and DTO structure on hybridization, loading, and target capture 446 performance. 
447
Oligonucleotide
(20-mer) Structure
Melting 
Temp (°C)
Loading 
Efficiencya
(%, n=3) 
Loading Capacityb
(pmol µL−1, n=3) Target Capture Cq
c
Untagged 75 10 ± 3 7 ± 2 35.35 ± 0.6
[ABIM+][Br−]-ITO 75 12 ± 3 8 ± 2 36.01 ± 0.5 
[ABIM+][NTf2−]-ITO 67 40 ± 4 25 ± 2 nad 
[ABIM+][OS−]-ITO 75 45 ± 2 28 ± 1 28.2 ± 1.1 
[ABIM+] 
[PFBS−]-ITO 70 35 ± 5 22 ± 3 nad 
[AOIM+][OS−]-ITO 75 74 ± 4 46 ± 2 26.1 ± 0.3 
[AOIM+][Br−]-ITO 72 48 ± 4 31 ± 3 25.67 ± 1.3 
[ADIM+][Br−]-ITO 76 75 ± 5 47 ± 3 24.7 ± 2.3 
[AOIM+]2[Br−]-DTO 73 95 ± 4 57 ± 2 24.3 ± 1.1 
DNA -5'HO3'-
N NC4H9
S
oligo -5'
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oligo -5'
N
S S
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O O O O
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S
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N
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448 ///////////449 a Conditions: concentration of ITO: 8 ng µL−1; hydrophobic MIL: [P66614+][Mn(hfacac)3−]; MIL volume: 1 µL; 450 sample volume: 50 µL; extraction time: 10 min; quantification method: anion-exchange HPLC with UV detection at 451 260 nm. 452 b Conditions: same as a. MIL density = 1.4 mg µL−1453 c Conditions: amount of ITO: 1.69 pmol; amount of target: 169 fmol of 261 bp DNA target; MIL volume: 1 µL; 454 sample volume: 50 µL; extraction time: 10 min; desorption time: 10 min at 90 °C quantification method: qPCR. 
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455 d Not applicable. Extractions were not performed coupled with qPCR due to comparatively low loading efficiencies.456 Table 2. Quantification cycle (Cq) values for sequence specific DNA extraction using DTO, 457 ITO, or magnetic bead-based methods obtained from qPCR amplification.
Extraction 
method
DNA target  
+ 20 mer 
comp (n=3)
DNA target  + 20 
mer 1 nt 
mismatch (n=3)
DNA target  + 20 
mer 2 nt mismatch 
(n=3)
DNA target (n=3)
Dynabeads M-
270a 32.98 ± 0.46 32.52 ± 0.26 31.31 ± 0.64 31.23 ± 0.06
[AOIM+]2[Br-]b 30.51 ± 0.84 29.30 ± 1.16 31.59 ± 0.10 28.29 ± 0.19
[AOIM+][Br-]b 31.29 ± 1.06 30.58 ± 0.34 30.07 ± 0.94 30.36 ± 0.65458 aExtraction conditions: biotinlayted probe: 16.9 fmol; dynabeads M-270: 1.3 μg; 261 bp DNA 459 target: 0.169 fmol; DTO [AOIM+]2[Br-]: 0.845 fmol; ITO [AOIM+][Br-]: 16.9 fmol. Interfering 460 sequences were all spiked at 1:1 mole ratio to target. 461 b261 bp DNA target were first hybridized in 50 μL 25 mM NaCl solution from 90 °C for 5 min 462 to 37 °C for 5 min. 1 μL of MIL: [P66614+][Mn(hfacac)3−] was added in the middle of the solution 463 after hybridization. The extraction was performed for 10 min at room temperature. The 261 bp 464 DNA target were desorbed with 50 μL of 25 mM NaCl at 37 °C for 10 min.465
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468 Figure 1. (a) Chemical structures of the MILs used in this study and examples of the 469 intermolecular interactions between the cation/anion components of the ion tag and the MIL 470 support that govern ITO loading efficiency. Schematic showing the sequence-specific DNA 471 extraction procedure using the hydrophobic [P66614+][Mn(hfacac)3−] MIL and the (b) mono-472 substituted [AOIM+][Br−]-ITO or (c) di-substituted [AOIM+]2[Br−]-DTO. 473474475
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* * *480 Figure 2. (a) HPLC quantification of the loss of target-ITO duplex from the MIL support after 481 loading a solution containing 60 pmol of duplex onto the MIL and subsequently heating the 482 sample at 37 ˚C for 10 min in 25 mM NaCl solution. (b) 0.169 pmol (ca. 2.7×104 pg) of 261 bp 483 DNA target from aqueous solution using probes substituted with one (red trace) or two (blue 484 trace) [AOIM+][Br−] groups, or an unmodified probe sequence (green trace). The asterisk 485 indicates that the data were outside the range of the calibration curve and were extrapolated to 486 obtain these values.
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490491 Figure 3. qPCR amplification of 261 bp DNA target isolated from E. coli cell lysate using the 492 ITO-MIL approach either in hybridize first (dashed lines) or load first (solid lines) mode. 493 Samples spiked with 0.3 ng of target were subjected to each mode using either the 494 monosubstituted [AOIM+][Br-]-ITO (red traces) or the disubstituted [AOIM+]2[Br-]-DTO (blue 495 traces).
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497
498499 Figure 4. Comparison of sequence-specific DNA capture methods from aqueous solution and 500 human plasma samples. A 120 bp fragment of human KRAS gene was extracted using either 501 commercially available magnetic beads and biotinylated oligo probes or the DTO-MIL method 502 and subjected to qPCR amplification.
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